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A statistical relationship between magnetic reconnection, current sheets and intermittent turbu-
lence in the solar wind is reported for the first time using in-situ measurements from the Wind
spacecraft at 1 AU. We identify intermittency as non-Gaussian fluctuations in increments of the
magnetic field vector, B, that are spatially and temporally non-uniform. The reconnection events
and current sheets are found to be concentrated in intervals of intermittent turbulence, identified
using the partial variance of increments method: within the most non-Gaussian 1% of fluctuations
in B, we find 87%–92% of reconnection exhausts and ∼ 9% of current sheets. Also, the likelihood
that an identified current sheet will also correspond to a reconnection exhaust increases dramatically
as the least intermittent fluctuations are removed from the dataset. Hence, the turbulent solar wind
contains a hierarchy of intermittent magnetic field structures that are increasingly linked to current
sheets, which in turn are progressively more likely to correspond to sites of magnetic reconnection.
These results could have far reaching implications for laboratory and astrophysical plasmas where
turbulence and magnetic reconnection are ubiquitous.
Introduction.—Turbulence is ubiquitous in space plas-
mas and leads to the emergence of coherent structures
(see [1] for a review). These are organized and concen-
trated structures such as current and vorticity sheets that
are phase-correlated over their spatial extent, and are
characterized by relatively long lifetimes. The solar wind
is an ideal laboratory for the in-situ study of coherent
structures, which have traditionally been described as
ideal magnetohydrodynamic (MHD) discontinuities [2].
However, these structures also display signatures of in-
termittency in the form of rare large amplitude magnetic
and velocity field fluctuations that produce highly non-
Gaussian heavy tailed probability distribution functions
(PDF) [3], and have properties consistent with dynami-
cal generation by strong plasma turbulence [4–6]. Indeed,
turbulence generates coherent structures in hydrodynam-
ics [7], MHD [8–10] and at kinetic scales in collisionless
plasmas [11]. Therefore, coherent structures embedded
in the solar wind should reflect the nonlinear dynamics
that give rise to intermittency [12] such as random mag-
netic reconnection between adjoining flux tubes [13–15].
Here we ask whether some coherent structures in the so-
lar wind might participate in magnetic reconnection, a
fundamental process that converts magnetic energy into
heat and plasma kinetic energy. This question, originally
raised over 40 years ago [16], is the subject of this Letter.
There has been renewed interest in the role of coherent
magnetic structures in the solar wind based on the de-
velopment and application of several identification tech-
niques [4, 17–20]. These intermittent structures are as-
sociated with enhanced turbulent dissipation in kinetic
collisionless plasma simulations [21, 22] and non-uniform
heating in the solar wind [23–25]. These results are con-
sistent with the Kolmogorov refined similarity hypothe-
sis [26] in neutral fluid turbulence theory, which relates
local concentrations of the dissipation rate to large inter-
mittent fluctuations. There is evidence to suggest solar
wind proton temperature anisotropies are linked to co-
herent structures, which have been preferentially found
in regions unstable with respect to plasma microinstabil-
ities [27, 28]. Recent work has also indicated these struc-
tures may contribute to the acceleration and transport
of suprathermal particles [29]. There is some observa-
tional support for the presence of coherent structures at
sub-proton kinetic scales [30, 31]. These can cause devia-
tions from local thermal equilibrium in velocity distribu-
tion functions [32–35]. Therefore, relationships must ex-
ist between coherent structures, intermittent turbulence,
plasma heating and broader kinetic activity.
Magnetic reconnection is also an important element
in a broad range of space and laboratory plasmas [36].
These plasmas are often turbulent [37], but the influ-
ence of turbulence on the reconnection process is not fully
understood. The link between intermittent plasma tur-
bulence and magnetic reconnection is well supported by
numerical simulations [38]. However, similar statistical
connections have not yet been found in the solar wind.
This is due, at least in part, to a lack of sufficient numbers
of identified reconnection events. While magnetic recon-
nection in the solar wind was originally thought to be
relatively rare [39–42], higher resolution measurements
coupled with refined techniques have recently led to an
2increase in the number of identified cases [43–45]. This
has now reached a point where a statistically meaningful
study of the type presented here can be conducted. This
Letter presents novel observational results linking mag-
netic reconnection to non-Gaussian features in the solar
wind that are associated with intermittent turbulence.
Analysis.—We use 3 s resolution magnetic field mea-
surements from the Magnetic Field Investigation (MFI)
[46] and proton moments from the 3D Plasma Analyzer
(3DP) [47] onboard the Wind spacecraft. The data in-
tervals used in this investigation are listed in Table 1,
and were originally selected randomly and then carefully
scrutinized for reconnection exhausts. In the solar wind
Petschek-like exhausts resulting from reconnection are
identified as roughly Alfve´nic-jetting plasma (based on
the anti-parallel field components) that are bounded on
one side by correlated changes in the anti-parallel compo-
nents of V and B and by anti-correlated changes in those
components on the other side. The list of identified recon-
nection exhausts that we use is assembled by application
of these methods. In addition, current sheets are identi-
fied in a separate list as a reversal in at least one geocen-
tric solar ecliptic (GSE) component of the magnetic field
vector. While this method will miss current sheets where
no field component actually reverses sign, it will not sig-
nificantly affect our results since these are likely to be
associated only with small fluctuations and not the most
intermittent structures of interest. The number of recon-
nection exhausts (RE) and current sheets (CS) identified
in this way are listed in Table 1.
TABLE I. All the data analyzed in this study, including the
number of reconnection exhausts (RE) and current sheets
(CS). The mean correlation time 〈τc〉 was computed in sub-
intervals of 6h duration, and then averaged for each interval.
Interval Duration (yyyy mm dd) RE CS 〈τc〉 (min)
1 2001, 01 01 – 02 03 UT 138 28438 30
2 2006, 03 01 – 04 01 UT 125 29062 26
3 2007, 04 01 – 05 01 UT 105 28131 25
4 2007, 06 01 – 07 01 UT 153 26639 27
Here we investigate whether magnetic reconnection
and current sheets are related to the intermittent charac-
ter of the turbulent solar wind. Note that not all recon-
necting current sheets are thought to be associated with
turbulence, including reconnection in the heliospheric
current sheet and at the leading or trailing edges of inter-
planetary coronal mass ejections. However, some fraction
of reconnection exhausts in the ambient solar wind might
be linked to intermittent plasma turbulence. To this end,
the partial variance of increments (PVI) method is used
to find coherent non-Gaussian magnetic field structures:
PV I =
|∆B|√
〈|∆B|2〉
(1)
where ∆B(t, τ) = B(t + τ) − B(t) is the magnetic field
vector increment using a time lag τ and 〈· · ·〉 denotes
an appropriate time average. All the PVI results pre-
sented here use a 30 min interval of averaging, which
corresponds roughly to the timescale τc reported in Ta-
ble 1, where solar wind turbulent fluctuations become
uncorrelated [49]. In order to match the data resolution
used when identifying reconnection exhausts and current
sheets, a time lag τ = 3 s is selected. This corresponds
to a plasma frame spatial separation when using Taylor’s
hypothesis (r = −Vτ) [50] that is within the inertial
range, slightly larger than the typical transition to ki-
netic scales [51]. The PVI time series is constructed in a
manner that is connected with familiar diagnostics of in-
termittency and has had previous success identifying re-
connection sites in direct numerical MHD [52] and Hall
MHD [53] turbulence simulations. However, the focus
here will be on the identification of reconnection exhausts
rather than the reconnection sites themselves. Events
are selected by imposing thresholds on the magnetic PVI
time series, which leads to a hierarchy of coherent struc-
ture intensities. This threshold level λ is applied by find-
ing the PVI value above which λ% of the observations
are contained and then removing all the lower PVI data.
Thus, the smallest values of λ correspond to the largest
values of PVI, and the most intermittent structures. The
transition from Gaussian to non-Gaussian magnetic field
fluctuations occurs around PVI = 3 [23, 24], and thus
higher values of PVI (λ ≤ 1) largely correspond to the
non-Gaussian heavy tails of the magnetic field increment
distribution.
Results.—Figure 1 shows selected plasma and magnetic
field data for a 5 min interval encompassing a reconnec-
tion event. This exhaust was swept past the spacecraft in
9 s, and had a maximum local width of 3.3× 103 km. It
was also associated with a magnetic field rotation of 53◦
that had a double-step character, which is characteristic
of reconnection exhausts in the solar wind. The changes
in V and B are anti-correlated on the leading edge of
the exhaust and correlated on the trailing edge. These
coupled changes correspond to Alfve´nic disturbances that
respectively propagated parallel and anti-parallel to B on
reconnected field lines and bifurcated the original current
sheet. The proton density and temperature were slightly
enhanced within the exhaust and Vx was slightly ele-
vated, indicating the reconnection exhaust was directed
sunward. This quasi-stationary magnetic reconnection
event coincides with a significant increase in PVI, which
shows a clear signature within the exhaust. Note that
we cannot describe this interval as typical since there is
considerable variation across all 521 reconnection events
used in this study. However, the connection between el-
evated PVI and reconnection exhausts in the solar wind
persists for most events in our statistical ensemble.
Table 2 lists the percentage of reconnection exhausts
and current sheets identified in the solar wind for a selec-
3FIG. 1. An interval encompassing a reconnection exhaust.
From top to bottom, the parameters plotted are PVI, the
GSE components of the magnetic field and solar wind velocity,
the proton number density and the proton temperature. In
order to resolve the bifurcated current sheet, 92 ms resolution
magnetic field data is used. All other plotted data has a
resolution of 3 s. The x-component of the flow velocity has
been shifted up by 400 kms−1 and the y-component of the
magnetic field has been shifted down by 5 nT. Vertical lines
bracket the reconnection exhaust.
tion of PVI thresholds. The application of these thresh-
olds results in the exclusion of all but λ% of the original
dataset, leaving only the highest PVI values remaining.
As the threshold is lowered, exhausts and current sheets
associated with smaller PVI values are systematically re-
moved. However, this response is not linear and some
identified events remain even at the lowest thresholds.
For example, 87–92% of all reconnection exhausts and
about 9% of all current sheets are concentrated within the
highest 1% of PVI values. Therefore, the effective con-
centration of current sheets and Petschek-like exhausts
is significantly increased by using PVI thresholds as data
acceptance criteria. This trend exists at all PVI thresh-
olds and for all four intervals used in this study.
Figure 2 shows the percentage of reconnection exhausts
and current sheets at each PVI threshold normalized to
the percentage of data occupied by these events. This
concentration of reconnection events CRE = ERE/λ and
current sheets CCS = ECS/λ should remain around unity
for every threshold if there is no PVI dependence. How-
ever, it is clear that both reconnection events and current
sheets are concentrated preferentially at the largest PVI
values, which are related to the intermittent properties of
turbulence. Note that reconnection exhausts are signifi-
cantly more concentrated than current sheets at all but
the largest λ thresholds. While the dependence of cur-
rent sheet concentration on PVI is to be expected, the
more intermittent character of the exhausts is a novel
result.
The diverging behavior of magnetic reconnection and
current sheet concentrations in Fig. 2 suggests that the
TABLE II. Percentage of magnetic reconnection events (ERE)
and current sheets (ECS) identified at each PVI threshold (λ).
For completeness, the average PVI value ζ that corresponds
to the threshold is included (PVI ≥ ζ).
Int. 1 (%) Int. 2 (%) Int. 3 (%) Int. 4 (%)
λ (%) ζ
ERE ECS ERE ECS ERE ECS ERE ECS
100 0 100 100 100 100 100 100 100 100
50 0.5 100 86.0 100 86.2 100 86.4 100 86.0
10 1.4 100 40.7 100 41.4 100 41.5 100 40.6
5 2.0 99.3 27.0 100 27.8 100 27.7 98.0 26.2
1 3.5 87.7 9.4 90.4 9.6 92.4 9.7 86.9 9.0
0.5 4.4 72.5 5.7 76.0 5.9 81.9 5.9 79.1 5.5
0.1 6.6 29.0 1.6 36.8 1.6 41.9 1.7 44.4 1.5
0.05 7.6 22.5 0.9 26.4 0.9 25.7 0.9 32.7 0.8
0.01 10.2 9.4 0.2 11.2 0.2 13.3 0.2 13.1 0.2
0.005 11.2 6.5 0.1 7.2 0.1 6.7 0.1 7.8 0.1
0.001 14.4 2.2 0.02 2.4 0.03 2.9 0.02 3.3 0.02
0.0005 15.8 1.4 0.007 0.8 0.01 1.9 0.01 2.0 0.01
0.0001 18.1 0.7 0.004 0.8 0.003 1.0 0.004 0.7 0.004
relationship between these events may depend upon PVI
threshold. Figure 3 shows the percentage of current
sheets that correspond to reconnection exhausts at each
threshold, (RE/CS)×(ERE/ECS)×100. For the highest
thresholds (lowest PVI), the number of non-reconnecting
current sheets far exceeds the number of exhausts. As
the threshold decreases, many more current sheets are
removed in comparison to reconnection events. The per-
centage of reconnecting current sheets increases from
around 0.5% in the entire original dataset to eventually
reaching 100% for the highest PVI values. Therefore, this
suggests the turbulent solar wind has a hierarchy of inter-
mittent structures that are increasingly linked to current
sheets, which in turn are more likely to correspond to
sites of magnetic reconnection.
Discussion.—We have presented the first direct evi-
dence that Petschek-like exhausts in the solar wind are
statistically associated with non-Gaussian, large ampli-
tude magnetic field fluctuations, which are thought to be
connected to the intermittent character of MHD turbu-
lence. This result provides further insight into the rela-
tionship between these fundamental processes. However,
the exact nature of this link between magnetic reconnec-
tion and plasma turbulence is unclear. It is known that
MHD turbulence dynamically generates current sheet-
like coherent structures that are candidate sites for ac-
tive reconnection [8, 13, 14]. Thus, the reconnection ex-
hausts seen in the solar wind could result from recon-
nection sites that are dynamically generated by plasma
turbulence. Alternatively, intermittent turbulence could
be driven by reconnection exhausts [54]. While there is
not yet any direct observational evidence for turbulence
generated by reconnection exhausts in the solar wind,
4FIG. 2. The concentration of magnetic reconnection exhausts
CRE = ERE/λ and current sheets CCS = ECS/λ at each PVI
threshold λ. Each color corresponds to a different interval
listed in Table 1.
MHD simulations [13] have suggested that there is a com-
plicated feedback mechanism underlying the interaction
between plasma turbulence and magnetic reconnection.
Indeed, turbulence has been observed within a magnetic
reconnection ion diffusion region in the magnetotail [55],
and kinetic simulations suggest that fluctuations gener-
ated by magnetic reconnection can exhibit the hallmarks
of intermittent turbulence [56]. These results could have
far reaching implications in laboratory and astrophysical
plasmas where turbulence and magnetic reconnection are
ubiquitous.
FIG. 3. The percentage of current sheets that correspond to
magnetic reconnection exhausts [(RE/CS) × (ERE/ECS) ×
100] at each PVI threshold λ. Each color represents a different
interval listed in Table 1.
The present study has demonstrated that application
of increasing PVI thresholds on solar wind data acts to
increase, within the selected population, the concentra-
tion of current sheets and reconnection exhausts. It also
increases the probability that an identified current sheet
will correspond to a reconnection event. Therefore, the
PVI method could form the basis of an automated re-
connection identification tool, and has previously been
successful in numerical simulations [52]. At the highest
thresholds the PVI statistic identified all reconnection ex-
hausts, but these are greatly outnumbered by other non-
reconnection events (false positives). As the threshold is
lowered a greater percentage of the remaining events cor-
respond to reconnection exhausts, but increasing num-
bers of exhausts are not identified. From this perspec-
tive the PVI method cannot supplant more detailed ex-
haust identification methodologies. However, its simplic-
ity and exclusive reliance upon magnetic field measure-
ments, which are typically available at a higher resolution
than plasma measurements, make it attractive in some
practical applications. This includes, but is not limited
to, burst-mode triggers on spacecraft instruments.
Further work is required to determine whether the re-
lationship between PVI and magnetic reconnection ex-
hausts in the solar wind is universal. The overall physical
nature and occurrence rate of reconnecting current sheets
depends on solar wind speed; high speed streams contain
current sheets that are more Alfve´nic and fewer in num-
ber than those found in low speed streams [40, 41]. Note
that the PVI method used here does not explicitly dis-
tinguish between fast and slow speed solar wind. It also
ignores the effects of shear angle and proton plasma beta,
combinations of which can suppress magnetic reconnec-
tion even at thin current sheets [57–59]. However, solar
wind speed and plasma beta can also affect the nature of
MHD turbulence [60], and thus the associated PVI values
could be modified in different parameter regimes. Hence,
similar studies will be conducted in different solar wind
streams and plasma beta regimes with the aim of repro-
ducing the present results. In addition, work has already
begun on investigating the interaction between MHD tur-
bulence, magnetic reconnection and kinetic effects such
as temperature anisotropy.
Laboratory and space plasma observations suggest fast
reconnection onset occurs when the current layer ap-
proaches ion Larmor scales [61, 62]. In addition, plasma
turbulence generates current sheets on all dynamical
scales from the proton to electron gyroradius, and these
have been observed in the solar wind [30] and direct nu-
merical simulations [11, 35]. However, magnetic recon-
nection in the solar wind often does not lead directly
to dissipation and plasma heating, particularly for asym-
metric boundary conditions and modest shear angles [45].
This could be because the highest resolution combined
plasma and magnetic field in-situ data currently avail-
able to identify reconnection exhausts in the solar wind
is generally insufficient to access the relevant kinetic
scales. The upcoming NASA Deep Space Climate Ob-
servatory (DSCOVR) and Magnetospheric Multi-Scale
(MMS) missions will make high-resolution plasma and
magnetic field measurements, and thus should identify
5more reconnection events across a wide range of spatial
scales. This will further improve our understanding of
magnetic reconnection and turbulence at energy dissipa-
tion scales, and could have far reaching implications for
turbulent dissipation in collisionless plasmas.
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